Abstract: TiBw/TA15 (TA15 alloy reinforced by TiB whiskers) composites with network microstructures were successfully prepared by current-assisted sintering at 1100 • C for 10 min. The influence of the sintering parameters on the microstructures of obtained composites was investigated. The sintering temperature was the main factor affecting the average aspect ratio of TiBw, and the average diameter of TiBw could be controlled for various sintering conditions. Yield strength, ultimate compressive strength, and plastic strain at ambient temperature are 1172.5 MPa, 1818.4 MPa, and 22.4% for the TiBw/TA15 composites, respectively. Moreover, yield strength of the composites at 600 • C is 616.3 MPa, which is 26.1% higher than that of the TA15 titanium alloy. The effect of the TiBw on the microstructure evolution for the alloy matrix was discussed in detail. The strengthening mechanism of the TiBw/TA15 composites with network microstructure was attributed to the microstructure modification induced by TiBw, load bearing effect, and dislocation strengthening effect of the TiBw.
Introduction
Titanium and titanium alloys are widely used in the aerospace industry [1] [2] [3] and bio-medicine [4] because of their excellent characteristics, such as high specific strength, good high-temperature performance, excellent corrosion resistance, and good biocompatibility. However, in recent years, along with the increase of thrust:weight ratio for modern aero-engines, the service temperature of engine materials has been further promoted, which means that the traditional high-temperature titanium alloys cannot meet the requirements of high-temperature strength for engine materials. As typical metal matrix composites (MMCs), titanium matrix composites (TMCs) are becoming more attractive materials for the aerospace and automotive industries due to their improved mechanical properties and high-temperature stability. Owing to their considerable properties, isotropy, and low cost [5] [6] [7] [8] , simultaneously, the discontinuous reinforced titanium matrix composites (DRTMCs) have attracted extensive attention, especially those that are produced using in situ methods. Compared with DRTMCs, according to previous studies, the TMCs with homogeneous distribution of reinforcement usually exhibit brittleness [9] . In recent years, Huang et al. [10] have successfully fabricated a new type of TiBw/TC4 (TC4 alloy reinforced by TiB whiskers) composite with a novel network microstructure by means of low-energy powder mixing and reactive hot-pressing (RHP) to achieve a better combination of strengthening of reinforcement and of increasing toughness of the titanium alloy matrix. The research results indicate that this TMC, with a network microstructure, not only possesses the advantages of high specific strength, specific stiffness, and good high-temperature stability, but also has better comprehensive mechanical properties than the TMCs with homogeneous reinforcement distribution [10] [11] [12] . It is also of interest to note that the microstructure of TMCs with network morphology can change significantly [10, 12] . The Ti-6Al-4V alloy [13] without TiB whiskers (TiBw) exhibits a typical widmanstätten microstructure, while the matrix of TMCs with a network microstructure consists of equiaxed α phases, α laths, and an intergranular β phase.
As for the obvious advantages of the powder metallurgy (PM) method for in situ reaction manufacturing of the TMCs with network microstructures, Zhang et al. [14] fabricated TiBw/TA15 composites using the Powder metallurgy (PM) method. The results showed that the strength and plasticity of the composites were improved when compared with those of TA15 titanium alloy. Spark plasma sintering (SPS), as a highly efficient current-assisted sintering technique, not only has the features of homogeneous composition and high material utilization ratio [15, 16] , but also exhibits the advantages of faster heating rate [17] , shorter holding time [18] , lower sintering temperature [19, 20] , and energy saving. To date the SPS method has been used to prepare ceramics, intermetallic compounds, nanostructured materials, metal-based composites, and other materials that are difficult to sinter by conventional methods. Recently, Sun et al. [21] successfully realized the rapid preparation of TC4 titanium alloy by SPS technique. In addition, Ti-4Fe-7.3Mo composites with uniform distribution reinforcement of TiB whiskers (TiBw) were prepared by SPS and hot-pressing (HP) sintering. Feng et al. [22] [23] [24] found that the size of in situ synthesized whiskers for the SPS process was larger than that of the HP process through transmission electron microscope analysis of two samples sintered at the same temperature. These results indicate that the SPS process may realize the preparation of TiBw-reinforced TMCs at a lower temperature and in a shorter time because of the effect of the sintering current.
Based on the above demonstrations, in order to further improve the service temperature of titanium alloy and achieve rapid preparation of TMCs with network microstructures, the network TiBw/TA15 composites were prepared by SPS method. The purpose of this paper is to study the densification process of the TiBw/TA15 composites with network microstructures fabricated by SPS; meanwhile, the effects of sintering parameters and TiBw on the microstructure evolution of matrix have been further investigated. Furthermore, the strengthening mechanism of TiBw/TA15 composites with network microstructures has been discussed.
Materials and Methods

The Initial Powders and Material Preparation
In this work, the TA15 alloy, as a typical high-temperature titanium alloy of near α-type, was chosen as the matrix of composites because of its ambient and elevated temperature strength and good thermal stability. Moreover, TiB whiskers (TiBw) produced by in situ reaction were used as reinforcement due to their high modulus and good chemical compatibility with titanium.
To prepare the TMCs with network microstructures, spherical TA15 titanium alloy powders (the chemical composition is shown in Table 1 ) and prismatic TiB 2 powders were selected. The TA15 powders were supplied by ShanXi YuGuang Metal Materials Co. Ltd., Xi'an, China, and the TiB 2 powders were produced by ZiBo Special Ceramics Ltd., ZiBo, China. The morphologies of initial powders are shown in Figure 1a ,b, respectively. Then, the spherical TA15 powders and prismatic TiB 2 particles (mass fraction 2.1%) were mixed by low energy milling process, and the morphology of the mixed powders is shown in Figure 1c . Subsequently, the mixed powders were poured into the graphite die and columnar samples with a diameter of 30 mm and height of 15 mm were obtained by the in situ reaction and consolidation of the mixed powders using the SPS system. According to previous works [19, 20, 22, 25] , the mixed powders were sintered at 800-1300 °C for 60 min (providing sufficient time for in situ reaction) with a pressure of 30 MPa in a vacuum. Afterwards, the optimization of the holding time under the optimal sintering temperature of 1100 °C was carried out. The holding times were 10, 20, 30, and 45 min, while the pressure was maintained at 30 MPa. In the present work, the heating rate of 30 °C /min was introduced [26] . After heating and temperature preservation, the samples were cooled in a furnace.
In addition, in order to study the influence of TiBw on the microstructure evolution of TA15 titanium alloy and the strengthening mechanisms of TMCs with network microstructures, the TA15 alloy sample [21] was also prepared by SPS at 1100 °C for 7 min with a pressure of 50 MPa.
Microstructure Analysis and Mechanical Properties
The densities of the sintered samples were evaluated by the Archimedes' method. The microstructures were studied by X-ray diffraction (XRD, PANalytical B.V., Almelo, The Netherlands), optical microscope (OM, Leica company, Wetzlar, Germany), scanning electron microscopy (SEM, FEI company, Hillsboro, OR, USA) and transmission electron microscope (TEM, FEI company, Hillsboro, OR, USA). The phase identification of samples was carried out by Empyrean intelligent Xray diffraction (PANalytical B.V., Almelo, The Netherlands) using Cu Kα radiation. For the sake of metallographic observation of TA15 titanium alloy, the sample was mechanically polished and etched by the solution consisting of 7% HF, 13% HNO3, and 80% distilled water. Afterwards, the metallographic photographs of the TA15 titanium alloy were taken by a Leica optical microscope (Leica company, Wetzlar, Germany). The microstructural characterizations were also performed using a Quanta 200FEG SEM (FEI company, Hillsboro, OR, USA) and Talos F200X TEM (FEI company, Hillsboro, OR, USA). The aspect ratio (the ratio between length and diameter) and size of TiBw for samples in SEM images with different sintering parameters were counted by Nano Measure 1.2 software (Fudan University, Shanghai, China). The measurements of the width of α colony and α laths were also conducted using Nano Measure 1.2 software.
For the compression test, the samples with a diameter of 3mm and a height of 4.5 mm were machined by wire cutting along the axial direction. Prior to testing, the sample surface was polished by metallographic sandpaper (2000 sharp particles per square inch, SanYou company, Suzhou, China). The ambient temperature compression test was carried out using an AGX-plus SHIMADZU electronic universal testing machine (with an ultimate load of 20 kN, SHIMADZU Corporation, Kyoto, Japan). The elevated temperature compression properties of the TA15 titanium alloy and the composite samples were tested on the AG-X plus electronic universal testing machine (with an ultimate load of 50 kN, SHIMADZU Corporation, Kyoto, Japan). The test temperature was selected as 600 °C for TA15 titanium alloy and composites. Before the elevated temperature compression test, the samples were kept for 5 min to make the temperature uniform. The moving speed of the upper Subsequently, the mixed powders were poured into the graphite die and columnar samples with a diameter of 30 mm and height of 15 mm were obtained by the in situ reaction and consolidation of the mixed powders using the SPS system. According to previous works [19, 20, 22, 25] , the mixed powders were sintered at 800-1300 • C for 60 min (providing sufficient time for in situ reaction) with a pressure of 30 MPa in a vacuum. Afterwards, the optimization of the holding time under the optimal sintering temperature of 1100 • C was carried out. The holding times were 10, 20, 30, and 45 min, while the pressure was maintained at 30 MPa. In the present work, the heating rate of 30 • C /min was introduced [26] . After heating and temperature preservation, the samples were cooled in a furnace.
In addition, in order to study the influence of TiBw on the microstructure evolution of TA15 titanium alloy and the strengthening mechanisms of TMCs with network microstructures, the TA15 alloy sample [21] was also prepared by SPS at 1100 • C for 7 min with a pressure of 50 MPa.
The densities of the sintered samples were evaluated by the Archimedes' method. The microstructures were studied by X-ray diffraction (XRD, PANalytical B.V., Almelo, The Netherlands), optical microscope (OM, Leica company, Wetzlar, Germany), scanning electron microscopy (SEM, FEI company, Hillsboro, OR, USA) and transmission electron microscope (TEM, FEI company, Hillsboro, OR, USA). The phase identification of samples was carried out by Empyrean intelligent X-ray diffraction (PANalytical B.V., Almelo, The Netherlands) using Cu Kα radiation. For the sake of metallographic observation of TA15 titanium alloy, the sample was mechanically polished and etched by the solution consisting of 7% HF, 13% HNO 3 , and 80% distilled water. Afterwards, the metallographic photographs of the TA15 titanium alloy were taken by a Leica optical microscope (Leica company, Wetzlar, Germany). The microstructural characterizations were also performed using a Quanta 200FEG SEM (FEI company, Hillsboro, OR, USA) and Talos F200X TEM (FEI company, Hillsboro, OR, USA). The aspect ratio (the ratio between length and diameter) and size of TiBw for samples in SEM images with different sintering parameters were counted by Nano Measure 1.2 software (Fudan University, Shanghai, China). The measurements of the width of α colony and α laths were also conducted using Nano Measure 1.2 software.
For the compression test, the samples with a diameter of 3mm and a height of 4.5 mm were machined by wire cutting along the axial direction. Prior to testing, the sample surface was polished by metallographic sandpaper (2000 sharp particles per square inch, SanYou company, Suzhou, China). The ambient temperature compression test was carried out using an AGX-plus SHIMADZU electronic universal testing machine (with an ultimate load of 20 kN, SHIMADZU Corporation, Kyoto, Japan). The elevated temperature compression properties of the TA15 titanium alloy and the composite samples were tested on the AG-X plus electronic universal testing machine (with an ultimate load of 50 kN, SHIMADZU Corporation, Kyoto, Japan). The test temperature was selected as 600 • C for TA15 titanium alloy and composites. Before the elevated temperature compression test, the samples were kept for 5 min to make the temperature uniform. The moving speed of the upper punch for the compression test was 2.7 mm/min (the corresponding strain rate was 0.01 s −1 ). At least three samples were used for each compression test, and the strength and plastic deformation of the samples were obtained by calculating the arithmetic mean.
Results
The Effect of Sintering Parameters on the Densification
The densities of samples sintered at different parameters are shown in Table 2 . Comparing the densities of samples sintered at different temperatures, it was found that the density noticeably increased with the increase of temperature up to 900 • C, and then it remained almost constant thereafter in the temperature range of 900-1300 • C. The density could be considered as a function of sintering temperature, which was consistent with previous studies [27, 28] . The density results indicate that the full densification of mixed powders can be achieved by SPS at 1000 • C or even 900 • C. Furthermore, comparing the density of samples sintered at 1100 • C for different holding times, there was no significant difference in the density of samples sintered at 1100 • C for 10 min and 60 min, which were 4.43 g/cm 3 and 4.44 g/cm 3 , respectively. This result suggests that the SPS process can obtain dense samples at a holding time of 10 min, which is much shorter for the preparation of TMCs with network microstructures than in situ reactive hot pressing (RHP), as adopted by Huang et al. [29] and Zhang et al. [25, 30] . According to their research results [13, 25, 29] , the preparation of TMCs with network microstructures by RHP requires sintering at 1100 • C or higher for at least 1 h to fabricate compact samples. Since the mixed powders had micro-gaps between the particles at the initial stage of sintering, when the current passed through the mixed powder, a high-temperature discharge plasma could be generated at the micro-gaps due to the discharge effect [18, 31] . Furthermore, the surface of the mixed powders was activated, and then the impurities and oxides on the surface of the particles were cleared [32, 33] . Therefore, a helpful diffusion path for the rapid densification of mixed powders was gained. Simultaneously, due to the small contact area between particles, the current density near the contact neck was relatively higher than the interior of the powders during SPS. The temperature increasing in microscopic regions of particles can be described as Equation (1) [34] :
where the π is the Pi, C V is the heat capacity of materials, ρ m is the mass density of materials, I is the local intensity of the current, ρ is the resistivity of materials, ∆t is the duration of the pulsed current, r is the radius of the particle, and x is the distance from the contacting surface between two particles. It is noted that the temperature of the contact area between particles under the Joule effect is significantly higher than that in the interior of particles from Equation (1) . Thus, the plastic deformation of the particles occurred in the contact area under the sintering pressure due to the reduced yield stress caused by local high temperature. Moreover, the current also accelerated the diffusion process between particles [18, 35] , which contributed to the growth of the sintering neck and made the mixed powders compact rapidly. Based on these discussions, the rapid and effective current-assisted sintering of mixed powders is mainly owing to the comprehensive effects of spark discharge, Joule heat, plastic deformation, and electric diffusion involved in SPS.
Microstructure Evolution
The Effects of Sintering Temperature on Microstructure
The XRD patterns of composites sintered at 800-1300 • C for 60 min are shown in Figure 2 . The diffraction peaks of TiB appeared in all patterns, and no diffraction peaks of TiB 2 were detected, which indicates that the chemical reaction between TiB 2 and Ti occurred. Because the volume fraction of TiB is small and its diffraction peaks overlap with several peaks of α phase, the intensities of TiB diffraction peaks do not show obvious differences as the sintering temperature rises from 800 • C to 1300 • C. In addition, the XRD patterns also show that the matrix of the composites consists of α phase and a small amount of β phase, in addition to the TiB reinforcement. reduced yield stress caused by local high temperature. Moreover, the current also accelerated the diffusion process between particles [18, 35] , which contributed to the growth of the sintering neck and made the mixed powders compact rapidly. Based on these discussions, the rapid and effective current-assisted sintering of mixed powders is mainly owing to the comprehensive effects of spark discharge, Joule heat, plastic deformation, and electric diffusion involved in SPS.
Microstructure Evolution
The Effects of Sintering Temperature on Microstructure
The XRD patterns of composites sintered at 800-1300 °C for 60 min are shown in Figure 2 . The diffraction peaks of TiB appeared in all patterns, and no diffraction peaks of TiB2 were detected, which indicates that the chemical reaction between TiB2 and Ti occurred. Because the volume fraction of TiB is small and its diffraction peaks overlap with several peaks of α phase, the intensities of TiB diffraction peaks do not show obvious differences as the sintering temperature rises from 800 °C to 1300 °C. In addition, the XRD patterns also show that the matrix of the composites consists of α phase and a small amount of β phase, in addition to the TiB reinforcement. The typical SEM micrographs of the samples sintered at different temperatures are shown in Figure 3 . As can be seen, the α phase is in gray contrast in the back scattered SEM micrographs and the β phase shows bright contrast, as well as the dark TiBw reinforcement. As shown in Figure 3a , the micropores of sample sintered at 800 °C could be observed. With the sintering temperature further increased to 900 °C, the micropores disappeared in the microstructure and this result was consistent with the density measurements in Table 2 . Although dense samples were obtained at 900 °C and 1000 °C, the reinforcement phase distributed in the boundary regions presented a similar particle-like morphology (Figures 3b and 3c ). In the temperature range of 1100-1300 °C, the TiB whiskers (TiBw) were in situ synthesized at the local areas around the boundaries of TA15 powders, forming a network microstructure that can be divided into the TiBw-rich boundary region and TiBw-lean matrix region (Figure 3d ). This result revealed that the TiBw/TA15 composites were successfully fabricated by SPS in the temperature range of 1100-1300 °C for 60 min. It can be also seen from the SEM micrographs that the matrix of the composites is composed of an α phase and intergranular β phase (Figures 3d,e,f), which is in accordance with the results of XRD patterns ( Figure 2 ). The typical SEM micrographs of the samples sintered at different temperatures are shown in Figure 3 . As can be seen, the α phase is in gray contrast in the back scattered SEM micrographs and the β phase shows bright contrast, as well as the dark TiBw reinforcement. As shown in Figure 3a , the micropores of sample sintered at 800 • C could be observed. With the sintering temperature further increased to 900 • C, the micropores disappeared in the microstructure and this result was consistent with the density measurements in Table 2 . Although dense samples were obtained at 900 • C and 1000 • C, the reinforcement phase distributed in the boundary regions presented a similar particle-like morphology (Figure 3b,c) . In the temperature range of 1100-1300 • C, the TiB whiskers (TiBw) were in situ synthesized at the local areas around the boundaries of TA15 powders, forming a network microstructure that can be divided into the TiBw-rich boundary region and TiBw-lean matrix region (Figure 3d ). This result revealed that the TiBw/TA15 composites were successfully fabricated by SPS in the temperature range of 1100-1300 • C for 60 min. It can be also seen from the SEM micrographs that the matrix of the composites is composed of an α phase and intergranular β phase (Figure 3d The TiBw synthesized at the boundary of TA15 powders is visually like a dowel, which connects the adjacent TA15 powders and thus obtains the TiBw/TA15 composites with network microstructures. Subsequently, it is essential to investigate the size of TiBw for the composites sintered at 1100-1300 °C and the distribution of the aspect ratio. In this work, the aspect ratio of TiBw can be represented by f, which can be described by the Equation (2):
where the l is the length of the TiBw and d is the diameter of the TiBw. The average f (AF) value and average diameter of the TiB whiskers (TiBw) were determined and the results are summarized in Figure 4 . It is found that the f of TiBw for the TMCs with network microstructures sintered at 1100 °C distributed within 7.5-12.5 is over 85%, as well as 10% whiskers, with f values more than 17.5 ( Figure 4a ). The f of TiBw for TMCs sintered at 1200 °C and 1300 °C exhibits similar distribution characteristics, which are mainly distributed in the range of 5-10 ( Figure 4b,c) . Moreover, it is of interest to note that the average aspect ratio (AF) decreases from 11.08 to 7.41 as the sintering temperature rises from 1100 °C to 1200 °C, and then remains nearly constant with further increases The TiBw synthesized at the boundary of TA15 powders is visually like a dowel, which connects the adjacent TA15 powders and thus obtains the TiBw/TA15 composites with network microstructures. Subsequently, it is essential to investigate the size of TiBw for the composites sintered at 1100-1300 • C and the distribution of the aspect ratio. In this work, the aspect ratio of TiBw can be represented by f, which can be described by the Equation (2):
where the l is the length of the TiBw and d is the diameter of the TiBw. The average f (AF) value and average diameter of the TiB whiskers (TiBw) were determined and the results are summarized in Figure 4 . It is found that the f of TiBw for the TMCs with network microstructures sintered at 1100 • C distributed within 7.5-12.5 is over 85%, as well as 10% whiskers, with f values more than 17.5 ( Figure 4a ). The f of TiBw for TMCs sintered at 1200 • C and 1300 • C exhibits similar distribution characteristics, which are mainly distributed in the range of 5-10 ( Figure 4b,c) . Moreover, it is of interest to note that the average aspect ratio (AF) decreases from 11.08 to 7.41 as the sintering temperature rises from 1100 • C to 1200 • C, and then remains nearly constant with further increases in the sintering temperature to 1300 • C. This result is consistent with the previous study carried out by Zhang et al [36] . Because TiB has the crystal structure of B27 [37] in the sintering temperature to 1300 °C. This result is consistent with the previous study carried out by Zhang et al [36] . Because TiB has the crystal structure of B27 [37] Figure 5 shows the SEM micrographs of the samples sintered at 1100 °C for different holding times. One can see that the preparation of the TiBw/TA15 composites with network microstructures can be realized by SPS sintering at 1100 °C for 10 min, as shown in Figure 5a . The network microstructure also consists of the boundary region, which has a rich reinforcement phase, and the matrix region, with a poor reinforcement phase, as marked by the yellow arrows in Figure 5a . The microstructure of the matrix is similar for the samples using different holding times (Figures 5a-d) , which has the α phase and a small amount of intergranular β phase. It is also worth noting that the Figure 5 shows the SEM micrographs of the samples sintered at 1100 • C for different holding times. One can see that the preparation of the TiBw/TA15 composites with network microstructures can be realized by SPS sintering at 1100 • C for 10 min, as shown in Figure 5a . The network microstructure also consists of the boundary region, which has a rich reinforcement phase, and the matrix region, with a poor reinforcement phase, as marked by the yellow arrows in Figure 5a . The microstructure of the matrix is similar for the samples using different holding times (Figure 5a-d) , which has the α phase The average f (AF) value and average diameter of the TiB whiskers (TiBw) in the samples with different holding times were determined and the results are summarized in Figure 6 . The AF of the TiBw for the TMCs with network microstructures prepared under holding times of 10 min, 20 min, 30 min, and 45 min is similar, which is different from the results at various sintering temperatures (Figures 4a-c) . Moreover, the f value of most TiBws is more than 7.5, as shown in Figure 6a -d. These results suggest that the holding time affects the f of TiBw slightly (Figure 6e ) when compared with the sintering temperature. With the increase of holding time, the diameter of whiskers gradually becomes coarser, indicating that the TiBw continues to grow along the directions of both 010 and 001. Based on the above results, it is noted that the size of TiBw is mainly controlled by sintering temperature and holding time. Although the holding time has an effect on the whisker diameter, it does not change the f values significantly, which is dominated by the sintering temperature. The average f (AF) value and average diameter of the TiB whiskers (TiBw) in the samples with different holding times were determined and the results are summarized in Figure 6 . The AF of the TiBw for the TMCs with network microstructures prepared under holding times of 10 min, 20 min, 30 min, and 45 min is similar, which is different from the results at various sintering temperatures (Figure 4a-c) . Moreover, the f value of most TiBws is more than 7.5, as shown in Figure 6a -d. These results suggest that the holding time affects the f of TiBw slightly (Figure 6e ) when compared with the sintering temperature. With the increase of holding time, the diameter of whiskers gradually becomes coarser, indicating that the TiBw continues to grow along the directions of both 010 and 001. Based on the above results, it is noted that the size of TiBw is mainly controlled by sintering temperature and holding time. Although the holding time has an effect on the whisker diameter, it does not change the f values significantly, which is dominated by the sintering temperature. Figure 7a shows the ambient temperature compressive engineering stress-strain curves of the samples sintered at different sintering temperatures. For comparison, the TA15 titanium alloy without reinforcement is also sintered at 1100 °C (using the notation of TA15 alloy for this sample). The obtained compressive curves at ambient temperature can be divided into four categories: (a) Curve 1 of the sample sintered at 800 °C for 60 min indicates that the density is low and there are many micropores in the material ( Figure 3a) ; (b) Curves 2 and 3 of the samples sintered at 900-1000 °C for 60 min suggest that the composites have improved densities, but the reinforcements distributed at the grain boundary of TA15 powders are in the form of particles (Figure 3b,c) ; (c) Curves 4-6 represent the samples sintered at 1100 and 1300 °C for 60 min, consisting of the TiBw-rich boundary region and the TiBw-lean matrix region, which show the optimal compressive performance at ambient temperature; (d) Curve 7 is the ambient temperature compressive property of TA15 titanium alloy sintered at 1100 °C. By comparing the compressive engineering stress-strain curves at ambient temperature, it is found that the TiBw/TA15 composite with network microstructure sintered at 1100 °C for 60 min exhibits the best strengthening effect. The yield strength (YS) of C1100-60 Figure 7a shows the ambient temperature compressive engineering stress-strain curves of the samples sintered at different sintering temperatures. For comparison, the TA15 titanium alloy without reinforcement is also sintered at 1100 • C (using the notation of TA15 alloy for this sample). The obtained compressive curves at ambient temperature can be divided into four categories: (a) Curve 1 of the sample sintered at 800 • C for 60 min indicates that the density is low and there are many micropores in the material ( Figure 3a) ; (b) Curves 2 and 3 of the samples sintered at 900-1000 • C for 60 min suggest that the composites have improved densities, but the reinforcements distributed at the grain boundary of TA15 powders are in the form of particles ( Figure 3b,c) ; (c) Curves 4-6 represent the samples sintered at 1100 and 1300 • C for 60 min, consisting of the TiBw-rich boundary region and the TiBw-lean matrix region, which show the optimal compressive performance at ambient temperature; (d) Curve 7 is the ambient temperature compressive property of TA15 titanium alloy sintered at 1100 • C. By comparing the compressive engineering stress-strain curves at ambient temperature, it is found that the TiBw/TA15 composite with network microstructure sintered at 1100 • C for 60 min exhibits the best strengthening effect. The yield strength (YS) of C1100-60 increases from 895.6 MPa to 1204 MPa, an increase of 34.4%, and its ultimate compressive strength (UCS) also increases from 1431.1 MPa to 1921.9 MPa, an increase of 34.3% when compared with TA15 titanium alloy without reinforcement. In particular, it is worth noting that the plastic deformation also increases from 19.4% of TA15 alloy to 23.4% of C1100-60.
The Effects of Sintering Time on Microstructure
Mechanical Properties
the composites (Figure 7b) . The results of the elevated temperature compressive tests show that the YS and UCS of the composite sintered at 1100 °C for 60 min are 627.4 MPa and 938.6 MPa, respectively. Furthermore, the YS values of the C1000-60 and C1200-60 samples are 600.3 MPa and 622.7 MPa, respectively. In contrast, the compressive property of the TA15 titanium alloy without reinforcement at 600 °C (Figure 7b) , i.e., the YS, is 488.8 MPa, which is lower than those of the composites. Compared with the TA15 titanium alloy (UCS of 796.6 MPa), the UCS of the C1100-60 sample has been increased by 17.8%. In particular, the plasticity of composites also increased slightly compared with the value of 25.5% for TA15 titanium alloy, to 28.6%, 28.3%, and 32.5%, respectively. According to above results, one can see that the C1100-60 sample exhibits good ambient temperature and high-temperature performances, indicating that the strengthening effects of the composites provide an effective route for enhancing the service property and temperature of TA15 titanium alloy. The ambient temperature compressive engineering stress-strain curves of the samples sintered at 1100 °C for different holding times and TA15 titanium alloy are shown in Figure 8a . From the curves of ambient temperature compression, it can be seen that the properties of the TiBw/TA15 composites with network microstructures prepared under different holding times have no obvious differences, and their YS values are approximately 1170MPa. The results of compression at ambient temperature further confirm the observation of alike microstructures ( Figure 5 ) and it also suggests that the preparation of TiBw/TA15 composites can be realized by current-assisted sintering process at 1100 °C for 10 min. Furthermore, the results of compressive tests at elevated temperature also show the similar properties of the composites with different holding times (Figure 8b ). The YS value of C1100-10 sample at 600 °C reaches 616.3 MPa, which is 26.1% higher than that of the TA15 titanium alloy. The UCS values of the composites are approximately 900 MPa at 600 °C, while the UCS value of TA15 titanium alloy is only 796.6 MPa. The plastic deformations of the composites prepared using holding times of 10, 20, 30, 45, and 60min are 33.1%, 34.3%, 33.9%, 34.0%, and 28.3%, respectively, which are still larger than that of TA15 titanium alloy (25.5%). The above results show that the rapid fabrication of TiBw/TA15 composites with network microstructures can be achieved by rapid SPS process and the service properties of titanium alloys can be further improved. The elevated temperature compressive properties of the composites sintered at 1000-1200 • C for 60 min and TA15 titanium alloy were tested at 600 • C to further investigate the strengthening effects of the composites (Figure 7b) . The results of the elevated temperature compressive tests show that the YS and UCS of the composite sintered at 1100 • C for 60 min are 627.4 MPa and 938.6 MPa, respectively. Furthermore, the YS values of the C1000-60 and C1200-60 samples are 600.3 MPa and 622.7 MPa, respectively. In contrast, the compressive property of the TA15 titanium alloy without reinforcement at 600 • C (Figure 7b ), i.e., the YS, is 488.8 MPa, which is lower than those of the composites. Compared with the TA15 titanium alloy (UCS of 796.6 MPa), the UCS of the C1100-60 sample has been increased by 17.8%. In particular, the plasticity of composites also increased slightly compared with the value of 25.5% for TA15 titanium alloy, to 28.6%, 28.3%, and 32.5%, respectively. According to above results, one can see that the C1100-60 sample exhibits good ambient temperature and high-temperature performances, indicating that the strengthening effects of the composites provide an effective route for enhancing the service property and temperature of TA15 titanium alloy.
The ambient temperature compressive engineering stress-strain curves of the samples sintered at 1100 • C for different holding times and TA15 titanium alloy are shown in Figure 8a . From the curves of ambient temperature compression, it can be seen that the properties of the TiBw/TA15 composites with network microstructures prepared under different holding times have no obvious differences, and their YS values are approximately 1170MPa. The results of compression at ambient temperature further confirm the observation of alike microstructures ( Figure 5 ) and it also suggests that the preparation of TiBw/TA15 composites can be realized by current-assisted sintering process at 1100 • C for 10 min. Furthermore, the results of compressive tests at elevated temperature also show the similar properties of the composites with different holding times (Figure 8b ). The YS value of C1100-10 sample at 600 • C reaches 616.3 MPa, which is 26.1% higher than that of the TA15 titanium alloy. The UCS values of the composites are approximately 900 MPa at 600 • C, while the UCS value of TA15 titanium alloy is only 796.6 MPa. The plastic deformations of the composites prepared using holding times of 10, 20, 30, 45, and 60min are 33.1%, 34.3%, 33.9%, 34.0%, and 28.3%, respectively, which are still larger than that of TA15 titanium alloy (25.5%). The above results show that the rapid fabrication of TiBw/TA15 composites with network microstructures can be achieved by rapid SPS process and the service properties of titanium alloys can be further improved. 
Discussion
Effect of in situ Reinforcement on Microstructural Evolution
Figure 9a-e shows the OM micrographs and SEM micrographs of TA15 titanium alloy and TiBw/TA15 composites sintered at 1100 °C, respectively. A colony microstructure is typically observed in the case of near-α type titanium alloys when cooled from above the β-transus temperature at a slow cooling rate, as marked by a red dotted arrow in Figure 9b . As shown in the high magnification SEM micrograph of Figure 9c , the α laths are parallel with each other and located in the same α colony. Under this situation, the widmanstӓtten α laths belonging to the same crystallographic variant clustered into colonies (abiding specific Burger's orientation relationships between α and β phases). In contrast, the microstructures of TiBw/TA15 composites show tremendous differences, as shown in Figure 9d -e. The results of SEM micrographs indicate that the TiBw synthesized by in situ reaction at the boundaries of TA15 powders plays an important role in affecting the microstructure of the matrix.
Based on the above observations, the evolution of the microstructure is mainly manifested in the following aspects. Considering the network units (surrounded by the TiBw-rich boundary) as high temperature initial β grains, in this study, it was found that the size of high-temperature initial β grains of the TA15 titanium alloy was ~424.8 ± 141.2 μm, as marked by a red dotted circle in Figure  9a , while that of the TiBw/TA15 composites with network microstructures was ~140um (marked in Figure 3d -f and Figure 5a-d) . In addition, the continuous grain boundary α-layers can be seen clearly from the high magnification SEM micrograph of TA15 titanium alloy in Figure 9c . On the other hand, there are equiaxed α phases in the rich-TiBw boundary regions for the TiBw/TA15 composites, as shown in the high magnification SEM micrograph of Figure 9e . This agrees with the microstructure characteristics observed in TiBw/TC4 composites reported by Huang [13] and Hill et al. [39] . Moreover, there are obvious differences in the microstructure between the lean-TiBw matrix regions of the composite and the TA15 titanium alloy. In the present work, the matrix of this composite consists of coarse α laths intersected with each other, which looks like typical basket-weave structures (marked by the black dotted circle in Figure 9d ) and the small sized α colony (marked by the red dotted circle in Figure 9d ). Figure 9f shows the width of the α colony and α laths, which are located in the α colony of the TA15 titanium alloy and TiBw/TA15 composites. One can see that the width of the α colony in the TiBw/TA15 composites reduces from 102.5 μm to 17.1 μm compared with the TA15 titanium alloy. In addition, the width of the α laths increases from 1.13μm for TA15 titanium alloy to 2.58 μm for the composite. 
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Based on the above observations, the evolution of the microstructure is mainly manifested in the following aspects. Considering the network units (surrounded by the TiBw-rich boundary) as high temperature initial β grains, in this study, it was found that the size of high-temperature initial β grains of the TA15 titanium alloy was~424.8 ± 141.2 µm, as marked by a red dotted circle in Figure 9a , while that of the TiBw/TA15 composites with network microstructures was~140um (marked in Figures 3d-f  and 5a-d) . In addition, the continuous grain boundary α-layers can be seen clearly from the high magnification SEM micrograph of TA15 titanium alloy in Figure 9c . On the other hand, there are equiaxed α phases in the rich-TiBw boundary regions for the TiBw/TA15 composites, as shown in the high magnification SEM micrograph of Figure 9e . This agrees with the microstructure characteristics observed in TiBw/TC4 composites reported by Huang [13] and Hill et al. [39] . Moreover, there are obvious differences in the microstructure between the lean-TiBw matrix regions of the composite and the TA15 titanium alloy. In the present work, the matrix of this composite consists of coarse α laths intersected with each other, which looks like typical basket-weave structures (marked by the black dotted circle in Figure 9d ) and the small sized α colony (marked by the red dotted circle in Figure 9d ). Figure 9f shows the width of the α colony and α laths, which are located in the α colony of the TA15 titanium alloy and TiBw/TA15 composites. One can see that the width of the α colony in the TiBw/TA15 composites reduces from 102.5 µm to 17.1 µm compared with the TA15 titanium alloy. In addition, the width of the α laths increases from 1.13µm for TA15 titanium alloy to 2.58 µm for the composite. Figure 10 shows the diagram of the microstructure evolution for the composite in this work. During the heating process of SPS, the phase transition of α→β in the matrix occurred, especially when the temperature reached the β single-phase region. At high temperature, the boundary of the β grains moved rapidly, making the high-temperature initial β grains coarse. Compared with TA15 titanium alloy, there are a large number of in situ synthesized TiBw in the boundaries of the network microstructure for TiBw/TA15 composites. As the temperature rises, these TiBw would pin the movement of the high temperature β grain boundaries [40] , which effectively inhibits the coarsening of high-temperature β grains to~140µm for high-temperature initial β grains for the composite versus 424.8 ± 141.2µm for TA15 titanium alloy, as shown in Figure 10a . According to previous study [41] , this refinement of high-temperature initial β grains can also contribute to further regulation of the microstructure, especially in refining the size of the α colony.
Since the high-temperature β grain boundaries are pinned by the reinforcements (Figure 10a ), these TiBw can act as the nucleation agents, and thus the energy requirements for equiaxed primary α phase formation can be easily met during the cooling process of TiBw/TA15 composites. In this situation, the equiaxed α phase nucleates depending on the TiBw, as shown in Figure 10b . This result is also confirmed by the TEM image in Figure 11a . As can be seen, the equiaxed α phase nucleates and grows on the TiBw (Figure 11a,b) . Figure 10 shows the diagram of the microstructure evolution for the composite in this work. During the heating process of SPS, the phase transition of α→β in the matrix occurred, especially when the temperature reached the β single-phase region. At high temperature, the boundary of the β grains moved rapidly, making the high-temperature initial β grains coarse. Compared with TA15 With further decrease in temperature, the primary equiaxed α phase and some of TiBw become the nucleating sites for the secondary α laths. The secondary α laths form and grow into the alloy matrix, resulting in a typical basket-weave structure, as marked by dotted circles shown in Figure  10c . Based on TEM observation (Figure 11a ), one also can see the secondary α laths precipitate near the primary equiaxed α phase. Then, the remaining β phase transforms into the β-transformation structure, as shown in Figure 10d and Figure 11c , which causes the existence of small sized α colonies in the matrix. It is also noted that these small size α colonies are composed of α laths and an intergranular β phase. 
The Strengthening Mechanism of TiBw/TA15 Composites
Comparing the experimental results of ambient and elevated temperature compressions, it can be seen that the TiBw/TA15 composites with network microstructures exhibits better comprehensive With further decrease in temperature, the primary equiaxed α phase and some of TiBw become the nucleating sites for the secondary α laths. The secondary α laths form and grow into the alloy matrix, resulting in a typical basket-weave structure, as marked by dotted circles shown in Figure  10c . Based on TEM observation (Figure 11a ), one also can see the secondary α laths precipitate near the primary equiaxed α phase. Then, the remaining β phase transforms into the β-transformation 
Comparing the experimental results of ambient and elevated temperature compressions, it can be seen that the TiBw/TA15 composites with network microstructures exhibits better comprehensive With further decrease in temperature, the primary equiaxed α phase and some of TiBw become the nucleating sites for the secondary α laths. The secondary α laths form and grow into the alloy matrix, resulting in a typical basket-weave structure, as marked by dotted circles shown in Figure 10c . Based on TEM observation (Figure 11a ), one also can see the secondary α laths precipitate near the primary equiaxed α phase. Then, the remaining β phase transforms into the β-transformation structure, as shown in Figures 10d and 11c , which causes the existence of small sized α colonies in the matrix. It is also noted that these small size α colonies are composed of α laths and an intergranular β phase.
Comparing the experimental results of ambient and elevated temperature compressions, it can be seen that the TiBw/TA15 composites with network microstructures exhibits better comprehensive mechanical properties than TA15 titanium alloy. To understand this, it is suggested that the following mechanisms contribute to the strengthening of the composites.
Effect of matrix microstructure Evolution on Mechanical Properties
The TiBw distributed around the TA15 titanium alloy powders grow towards the inside of neighboring Ti powders like dowel pins, as shown in Figure 9e . The TiBw reinforcements do not form the "closed-shell" structure, which destroys the connectivity of the matrix. Therefore, the interpenetrating matrix and TiBw-lean regions remain in the TiBw/TA15 composites (Figures 3d-f and 5b-d) , which provides a good ability for the composites to bear strain and blunt cracks effectively. In this situation, the composites with network microstructures can exhibit considerable plasticity.
In addition, the TiBw synthesized in situ at boundaries of TA15 powders inhibits the growth of high-temperature initial β grains, resulting in the descending size of the α colony in the composite matrix (reducing from 102.5 µm to 17.1 µm, as shown in Figure 9f ). Compared with the TA15 titanium alloy, moreover, the size of α laths located in α colonies increases from 1.13 µm to 2.58 µm (Figure 9f ). Because the parallel α laths in the same α colony have the same habit plane in the titanium alloy, dislocations can pass through the α colony without hindrance, causing serious dislocation pile-up at the edge of the α colony and continuous α-layers, as shown in Figure 12a . Then, the inhomogeneous micro-deformation is induced, promoting the generation of microcracks, as marked by the yellow arrows in Figure 12a . Comparatively, there are small-sized α colonies for the composites composed of coarser α laths, as shown in Figures 9f and 10d . This microstructure can reduce the effective slip length of dislocations when they pass through the α colony. Meanwhile, there are some basket-weave structures formed by the α laths, which intersect each other around the α colony for the composites (Figures 9d and 10c) . Due to the variations of orientation between the α colony and α laths with a basket-weave structure, this basket-weave structure will serve as a strong obstacle to the dislocations, which will pile up at the edge of the basket-weave structure, as shown in Figure 12b . Thus, the dislocation pile-up in the front of α colony will be relatively weakened, leading to reduced inhomogeneous micro-deformation and less microcracks. Moreover, the equiaxed α phases exist at the network microstructure boundary of TiBw/TA15 composites rather than the continuous α-layers distributed at the high-temperature initial β grain boundary in the TA15 titanium alloy. Since there is no specific orientation relationship between the equiaxed α phase and matrix, it is easier for the dislocations to slip through optional planes in the equiaxed α phase at the boundary regions when the dislocations pile up in front of the equiaxed α phase, as shown in Figure 12b . As a result, the coordinated deforming ability of the composites at the boundary is improved by the existence of the equiaxed α phase. The above-mentioned multiple dislocation slip is beneficial for achieving considerable plasticity of the composites. mechanical properties than TA15 titanium alloy. To understand this, it is suggested that the following mechanisms contribute to the strengthening of the composites.
The TiBw distributed around the TA15 titanium alloy powders grow towards the inside of neighboring Ti powders like dowel pins, as shown in Figure 9e . The TiBw reinforcements do not form the "closed-shell" structure, which destroys the connectivity of the matrix. Therefore, the interpenetrating matrix and TiBw-lean regions remain in the TiBw/TA15 composites (Figure 3d-f and Figure 5b-d) , which provides a good ability for the composites to bear strain and blunt cracks effectively. In this situation, the composites with network microstructures can exhibit considerable plasticity. In addition, the TiBw synthesized in situ at boundaries of TA15 powders inhibits the growth of high-temperature initial β grains, resulting in the descending size of the α colony in the composite matrix (reducing from 102.5 μm to 17.1 μm, as shown in Figure 9f) . Compared with the TA15 titanium alloy, moreover, the size of α laths located in α colonies increases from 1.13 μm to 2.58 μm (Figure  9f ). Because the parallel α laths in the same α colony have the same habit plane in the titanium alloy, On the other hand, phase interfaces with various orientations exist around the α colony for the microstructure of the composites. Under these circumstances, more stress is required for the further movement of dislocations accumulated in composites. Particularly, these interfaces can also effectively hinder the propagation of microcracks once induced by the dislocation pile-up compared with the microstructure of the TA15 alloy (Figure 9a-c) . Thus, the small-sized α colony morphology surrounded by the basket-weave structure also contributes to improving the strength of the matrix material, in comparison with the Widmanstätten microstructure of TA15 titanium alloy. Figure 13 shows the typical TEM micrograph of TiBw at the transverse section and the high resolution transmission electron microscope image of the TiBw/α-phase interface. One can see that the transverse section of TiBw is a hexagonal shape. Furthermore, there are no brittle phases, such as oxidation and the intermetallic compound between the TiBw/α-phase interfaces, as shown in the Figure 13c . This result further confirms the good bonding between TiBw and the matrix, which forms in the SPS process. Meanwhile, the clean and well-bonded interfacial microstructures also provide a premise for exerting the strengthening effect of the reinforcement phase. As mentioned above, the TiBw with dowel-like structures grew into the neighboring TA15 powders and formed the network microstructure. These observations indicate that the reinforcements can bear loads, and it is important to note that the load-bearing effect of TiBw in mechanical strength is mainly dependent upon the shape and volume fraction. effectively hinder the propagation of microcracks once induced by the dislocation pile-up compared with the microstructure of the TA15 alloy (Figure 9a-c) . Thus, the small-sized α colony morphology surrounded by the basket-weave structure also contributes to improving the strength of the matrix material, in comparison with the Widmanstӓtten microstructure of TA15 titanium alloy. Figure 13 shows the typical TEM micrograph of TiBw at the transverse section and the high resolution transmission electron microscope image of the TiBw/α-phase interface. One can see that the transverse section of TiBw is a hexagonal shape. Furthermore, there are no brittle phases, such as oxidation and the intermetallic compound between the TiBw/α-phase interfaces, as shown in the Figure 13c . This result further confirms the good bonding between TiBw and the matrix, which forms in the SPS process. Meanwhile, the clean and well-bonded interfacial microstructures also provide a premise for exerting the strengthening effect of the reinforcement phase. As mentioned above, the TiBw with dowel-like structures grew into the neighboring TA15 powders and formed the network microstructure. These observations indicate that the reinforcements can bear loads, and it is important to note that the load-bearing effect of TiBw in mechanical strength is mainly dependent upon the shape and volume fraction. Based on the above discussion, the yield strengths of the composites can be analyzed using the shear-lag model [42] , and the shape characteristics of TiBw are reflected by the f value in this model, as in the following Equation:
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where σcy is the yield strength of composite, σmy is the yield strength of TA15 titanium alloy, and VR is the volume fraction of reinforcement. In the present work, it is assumed that the reinforcements distributed in the matrix are arranged orderly in three dimensions. Since the volume fraction of reinforcement for the composites with network microstructures is constant, according to the shearlag model, the σcy is mainly determined by the value of f. Furthermore, According to Kelly's theory [43] , a critical whisker aspect ratio exists. The TiBws with the f exceeding the critical value play an important role in strengthening the composite. Generally, the critical whisker aspect ratio l/d can be expressed by Kelly's Equation: Based on the above discussion, the yield strengths of the composites can be analyzed using the shear-lag model [42] , and the shape characteristics of TiBw are reflected by the f value in this model, as in the following Equation:
where σ cy is the yield strength of composite, σ my is the yield strength of TA15 titanium alloy, and V R is the volume fraction of reinforcement. In the present work, it is assumed that the reinforcements distributed in the matrix are arranged orderly in three dimensions. Since the volume fraction of reinforcement for the composites with network microstructures is constant, according to the shear-lag model, the σ cy is mainly determined by the value of f. Furthermore, According to Kelly's theory [43] , a critical whisker aspect ratio exists. The TiBws with the f exceeding the critical value play an important role in strengthening the composite. Generally, the critical whisker aspect ratio l/d can be expressed by Kelly's Equation:
where τ i is the shear strength of the interface and σ f is the shear strength of TiBw in this paper. As can been seen from the Figure 13c , the interfacial regions between the TiBw and α-phase are clean and the interface is well bonded. Therefore, τ i will be limited by the shear strength of the TA15 matrix. In this circumstance, the value of τ i can be approximately set to σ my 895.6 MPa for further investigation. Meanwhile, the σ f is~3500 MPa for TiBw. The value of the critical whisker aspect ratio for the TiBw/TA15 composites is~1.95, derived from Equation (4). This result suggests that the TiBws with f values above 1.95 can possess an effective strengthening effect for the TiBw/TA15 composites. As shown above, the composites prepared at 1100 • C for different holding times exhibit similar mechanical properties due to the similar AF of TiBw in these composites (Figures 6e and 8) , which is consistent with Equation (3), derived from the shear-lag model. However, although the AF of TiBw decreases with the increase of sintering temperature (Figure 4d ), the strength of the composites does not differ significantly ( Figure 7 ). To understand this, it is noted that the f values of TiBw in the samples sintered at 1100, 1200, and 1300 • C are 11.08, 7.41, and 7.40, respectively. One can see that the values of AF for these composites are obviously much larger than the critical f (~1.95). As a result, an effective strengthening effect of TiBw in these composites can be achieved, leading to similarly improved strength for these three composites, compared with TA15 alloy. The above results also indicate that the TiBw could exhibit a similar strengthening effect for the composites when the obtained AF of TiBw is evidently higher than the critical value. In addition, the TiBw distributed at the network microstructure boundary also hinders the movement of dislocations, in addition to transferring the load. In this case, the strengthening effect induced by TiBw is attributed to dislocation strengthening. The Orowan model [44] , which is based on the following equation, is used to calculate the yield strength increase caused by dislocation strengthening:
where ∆σ Orowan is the yield strength increase, G m is the shear modulus of matrix, b is the Burgers vector of the matrix, and d p is the average particle size of the reinforcement. Since the V R , G m , and b are constant in Equation (5), the strengthening effect caused by dislocation mainly depends on the particle size of the reinforcement and the spacing between the reinforcements. According to Orowan dislocation hindrance theory, when the volume fraction of the reinforcement phase is fixed, the larger particle size or the larger reinforcement spacing will result in a relatively weaker strengthening effect. Although the sizes of TiB whiskers in the composites prepared by SPS are relatively larger in this work, the TiBw-rich boundary region is formed due to its special spatial distribution characteristics (reinforcement phase mainly distributes at the boundaries of TA15 powders). In this reinforcement-rich region, the movement of dislocations can be effectively hindered, which is also helpful in increasing the strength.
Conclusions
The following conclusions are drawn from the present work:
(1) TiBw/TA15 composites possessing excellent mechanical properties have been successfully fabricated by rapid current-assisted sintering at 1100 • C for 10 min. The density of this sample is 4.43 g/cm 3 . Meanwhile, the YS values of the composites at ambient temperature and 600 • C are 1172.5 MPa and 616.3 MPa, respectively. (2) The sintering temperature is the main factor affecting the aspect ratio of TiBw. The average aspect ratios of TiBw obtained at 1100 • C, 1200 • C, and 1300 • C are 11.08, 7.41, and 7.40, respectively. The effect of holding time on the average aspect ratio of TiBw is not evident.
(3) The influence of TiBw on the modification of the microstructure for the titanium alloy matrix is mainly manifested in the following aspects: (a) the high-temperature initial β grains of TA15 titanium alloy are refined from~424.8 µm to~140 µm, (b) providing effective nucleation sites for the equiaxed α phase, and (c) refining the width of the α colony from 102.5µm of TA15 titanium alloy to 17.1µm of TiBw/TA15 composites when sintered at 1100 • C. (4) Besides the modification of the microstructure induced by TiBw, the TiBw/TA15 composites with network microstructures exhibiting better mechanical properties than TA15 titanium alloy, which is also attributed to the load-bearing and dislocation strengthening effects of TiBw. Moreover, TiBw exhibits similar strengthening effects as the average aspect ratio of TiBw exceeds the critical value (~1.95). 
